This study investigated the prevalence of IncX plasmid subtypes in commensal and pathogenic Escherichia coli isolates and the biological features of the IncX4 subtype. Two hundred and twenty-five E. coli isolates from multiple sources (47 chickens, 41 pigs, 30 cattle and 107 humans) obtained during the period 2006-2012 were tested for the presence of IncX1 to IncX5. Overall, the prevalence of IncX plasmids in chicken, pig, cattle and human isolates were 21.2 % (10/47), 19.5 % (8/41), 3.3 % (1/30) and 4.8 % (5/107), respectively. IncX4 was the most common subtype, followed by IncX1 and IncX3, while no IncX2 or IncX5 were found. Seven out of 16 (43.8 %) IncX4 plasmids were found to carry bla CTX-M genes and six of them originating from different host sources (four chickens, one pig and one human) had identical or highly similar RFLP patterns. Three IncX4 plasmids carrying bla CTX-M from different host sources were investigated further. It was found that the IncX4 plasmids had little effect on bacterial host growth parameters after their introduction to J53 recipients. Conjugation experiments demonstrated that the IncX4 plasmids could be efficiently transferred at 30-42 6C at rates which were generally 10 2 -10 5 -fold higher than those for the epidemic IncFII plasmid carrying bla CTX-M (pHK01). In conclusion, the IncX plasmids are more common than previously recognized. The efficient transfer of IncX4 plasmid at different temperatures and the lack of fitness burden on bacterial hosts highlight the ability of this plasmid replicon to be an important vehicle for dissemination of antimicrobial resistance.
INTRODUCTION
The IncX plasmids are narrow host range plasmids of Enterobacteriaceae (Grudniak et al., 2007) . Plasmid R6K is considered to be the archetypical plasmid of the IncX group (Johnson et al., 2012) . Based on the phylogenetic analysis of completely sequenced IncX plasmids, five subtypes, namely IncX1 to IncX5, have been identified with R6K belonging to subtype IncX2 (Chen et al., 2013; Johnson et al., 2012) . The backbones of IncX plasmids have a high degree of synteny with sequences encoding replication, partitioning, the conjugation/type IV secretion system, transcriptional activator and putative DNA transfer proteins (Johnson et al., 2012) . In addition, the plasmids are known to carry genes encoding biofilm formation and antimicrobial resistance (Burmølle et al., 2008; Ho et al., 2012a; Johnson et al., 2012) . Such plasmids have most often been reported in Escherichia coli, Salmonella spp. and Klebsiella spp. including host sources such as human, chicken, swine and rodent (Johnson et al., 2007 (Johnson et al., , 2012 . Therefore, they may be involved in the spread of resistance genes among humans and animals. Resistance genes have been localized to the IncX plasmids including those encoding a drug efflux system (oqxAB), plasmid-mediated quinolone resistance (qnrS1), extended-spectrum b-lactamase (ESBL, bla CTX-M ) and carbapenemases (bla KPC and bla NDM ) (Ho et al., 2012a (Ho et al., , 2013 Literak et al., 2010; Norman et al., 2008) .
In E. coli populations, studies using PCR-based replicon typing (PBRT) estimated that the frequency of occurrence of the IncX plasmids is about 1 % (Johnson et al., 2007; Williams et al., 2013) . However, primers included in the PBRT scheme may only detect subtype IncX2 but not the other subtypes (Chen et al., 2013; Johnson et al., 2012) . Although the complete sequences for all the IncX plasmid subtypes have been described, information concerning their subtype distribution is scarce and little is known about the biological features of the newly described subtypes (Norman et al., 2008) . In this investigation, we studied the prevalence of IncX subtypes in commensal and pathogenic E. coli originating from humans and food animals, and investigated the biological features of the subtype IncX4 plasmids.
METHODS
Bacterial strains and microbiology methods. Two hundred and twenty-five E. coli isolates were studied. The strains were chosen to provide representation from different animal and human sources (Ho et al., , 2011a (Ho et al., , 2012c Lo et al., 2010) . The isolates were stored in Microbank (Pro-Lab Diagnostics) at 280 uC. All viable E. coli isolates recovered from four regional antimicrobial surveillances during 2006-2012 were eligible for inclusion. These included 21 isolates from inpatients with bacteraemia (all adults), 42 isolates from adult outpatients with urinary tract infections, 44 human faecal isolates (29 adults and 15 children) and 118 faecal isolates from animals (47 chickens, 41 pigs and 30 cattle). The 21 E. coli isolates were recovered from blood cultures of patients who were treated in a healthcare region in Hong Kong in (Ho et al., 2012c . All were CTX-M-producing and were chosen according to typing results (one isolate per pulsotype was randomly chosen) (Ho et al., 2012c) . The human urine isolates were recovered in 2006-2008 from adult outpatients in a territory-wide study and represented a randomly chosen subset . The human faecal isolates included isolates from a study that examined CTX-M faecal carriage in hospitalized children and their households in . One isolate from each household was chosen randomly for inclusion. The animal isolates were obtained during 2008-2012 as part of on-going antimicrobial resistance surveillance (Ho et al., 2011a) . The animal samples were cultured in batches (isolates were from 2-20 animals per batch) and one isolate per animal species was randomly chosen in each batch. A disc diffusion method was used for susceptibility testing and the results were interpreted according to the Clinical and Laboratory Standards Institute guidelines (CLSI, 2013) . A double-disc synergy test was used for detection of ESBLs. Overall, 142 (63.1 %) isolates were ESBL-producing. The proportions of ESBL-producing isolates by animal species were 72.9 % (35/48) in chickens, 67.5 % (27/40) in pigs, 50 % (15/30) in cattle and 60.7 % (65/107) in humans. All except three of the 142 ESBL-producing isolates were positive for bla CTX-M .
Molecular studies. The isolates were surveyed for the presence of the major plasmid incompatibility groups by PBRT (Carattoli et al., 2005) . The revised IncX plasmid replicon procedure was used for detection of the IncX1 to IncX4 subtypes (Johnson et al., 2012) . The following primer pair was designed for detection of the IncX5 subtype: forward_X5_269F, 59-CGATCTTACCTCACGAGAGAAT-39 and reverse_X5_269R, 59-CTTGCTTGATTTGCG TAAACTG-39. The co-transfer of a resistance trait and the IncX plasmid was investigated by filter mating (donor: E. coli; recipient: J53; 1 : 1 ratio). Transconjugants were selected on five different agar plates supplemented with sodium azide (150 mg l 21 ) and one of the following antibiotics: chloramphenicol (32 mg l 21 ), cefotaxime (1 mg l 21 ), ciprofloxacin (0.06 mg l 21 ), gentamicin (8 mg l 21 ) and tetracycline (8 mg l 21 ). In all of the transconjugants, plasmid location of the bla CTX-M and replicons was confirmed by hybridization using specific PCR products as probes (Ho et al., 2012b, c) . Plasmids were sized by S1-PFGE (Ho et al., 2012b, c) . IncX4 plasmids carrying bla CTX-M genes were analysed further by RFLP using EcoRI (Takara Bio). PCR assays were used to assign the E. coli isolates to phylogenetic groups A, B1, B2, C, D, E and F (Clermont et al., 2013) . Multilocus sequencing was performed as described (Ho et al., 2011c) .
Plasmid studies. The biological properties of three IncX4 plasmids (all approximately 50 kb in size and carrying bla CTX-M originating from human, chicken and pig E. coli strains C114f-caz-1, C0432T and P0247T) and the IncFII plasmid pHK01 (70 kb, carrying bla CTX-M-14 from human E. coli isolate combat2D2) were compared. pHK01 is an epidemic plasmid which plays an important role in the dissemination of bla CTX-M-14 among E. coli isolates in certain Asian countries (Ho et al., 2011b (Ho et al., , 2012b Nguyen et al., 2010) . Two growth parameters including the lag phase and the doubling time in the exponential phase were used to assess the fitness cost associated with the introduction of the two plasmids as previously described (Ho et al., 2013) . The frequencies of conjugational transfer of the plasmids to E. coli J53 recipient (1 : 1 ratio) at three different temperatures (30 uC, 37 uC and 42 uC) were assessed on selective media (150 mg sodium azide l 21 and 1 mg cefotaxime l
21
) and expressed as transconjugants per donor cell (T/D) as previously described (Zhong et al., 2012) . Donor and recipient cultures placed separately on filters were always included as controls and no significant numbers of resistant colonies were observed on the transconjugants' selection media. All experiments were carried out six times (biological duplicates and technical triplicates).
RESULTS

Prevalence of IncX replicons
The IncX replicons were detected in 24 (10.7 %) isolates (10 chicken, eight pig, one cattle and five human) including 16 IncX4, seven IncX1 and one IncX3 subtypes (Table 1) . There were differences in the relative occurrence of the IncX subtypes among isolates from human and animal sources. In particular, the IncX4 replicon was commonly found (21.2 %) among the chicken isolates and was of a higher proportion than the other non-F replicons (4.3 % to 12.8 %). Characteristics of E. coli isolates carrying IncX plasmids Table 2 summarized the characteristics of isolates carrying IncX plasmids. The 24 isolates were genetically diverse with 19 sequence types including isolates of phylogenetic groups A (n58), B1 (n56), B2 (n51), C (n51), D (n54), E (n52) and F (n52). All except one of the IncX plasmids had sizes of approximately 40-45 kb. The mating experiments yielded 25 transconjugants of which 17 had transfer of the IncX plasmids to E. coli J53 recipients. Multiple plasmids were detected in ten of the 17 transconjugants while the IncX plasmids were the only plasmids transferred in the remaining seven transconjugants. The 17 transconjugants were recovered from selection plates with cefotaxime (n514), tetracycline (n52) and gentamicin (n51). Hybridization localized the bla CTX-M gene to one IncX3 (bla CTX-M-3 ) and seven IncX4 (five bla CTX-M-14 and two bla CTX-M-24 ) plasmids. In the six transconjugants with IncX4 as the only plasmid, the ESBL phenotype was the only resistance trait transferred, and they were subjected to RFLP analysis. Five plasmids had an identical pattern after EcoRI digestion. The plasmid from strain P0247T yielded results that differed from those for other strains by one band.
Fitness cost of IncX4 and conjugation frequencies
Introduction of IncX4 plasmids carrying bla CTX-M (pIncX4-C114f-caz-1, pIncX4-C0432T and pIncX4-P0247T) into E.
coli J53 did not significantly affect the two growth parameters. There were no significant differences in the lag phases and doubling times for the E. coli strains with or without plasmids (J53, J53 carrying IncX4 plasmids and J53 carrying pHK01, Table 3 ). Both IncX4 and IncFII plasmids with bla CTX-M could be transferred to E. coli J53 recipients at the three temperatures (Fig. 1) . While some variations in the conjugation frequencies were observed among the strains carrying the IncX4 plasmids, the transfer frequencies of the IncX4 plasmid were generally higher than those for the reference IncFII plasmid (by 10 2 -10 5 fold). The difference was most marked at 30 u C.
DISCUSSION
This study demonstrated that the IncX family of plasmids were more common among E. coli populations than previously considered (Johnson et al., 2007; Williams et al., 2013) . The bacterial collection studied was tested by the PBRT primers and all were found to be IncX negative. With the application of the taxC primers, significant proportions (3.3-21.2 %) of the isolates were found to harbour IncX plasmid subtypes. Our findings corroborate an earlier investigation involving a small collection (n547) of porcine E. coli isolates which were all IncX negative by the PBRT method, but plasmids belonging to the IncX1 (4.2 %), IncX3 (4.2 %) and IncX4 (34 %) were detected by the taxC-based primers (Johnson et al., 2012) . Moreover, the present study further revealed that IncX1 and IncX4 70 kb, or IncX4 plasmids (J53-pIncX4-C114f-caz-1, J53-pIncX4-C0432T and J53-pIncX4-P0247T all 40 kb in size and harbouring bla CTX-M ) were used. The IncFII plasmid, pHK01, was completely sequenced and deposited under the accession number HM355591. DOne-way analysis of variance was used for statistical analysis. A two-tailed P-value of ,0.05 was considered as significant.
plasmids were carried by animal faecal, human faecal and clinical isolates at frequencies comparable or higher than the other non-F Inc plasmids. Taken together, the data suggest that some previously unrecognized IncX plasmid subtypes occur widely among both commensal and pathogenic E. coli isolates.
In this study, bla CTX-M genes were localized to IncX3 and IncX4 plasmids but not to the IncX1 plasmids. The finding that four of the seven IncX4 plasmids carrying bla CTX-M genes are from the same E. coli ST type (ST10) and all from chickens (Table 2 ) raises the possibility that there was clonal spread of the strains. In the Netherlands, E. coli ST10 isolates carrying bla CTX-M genes were identified in poultry, chicken meat, rectal swabs from healthy humans and human blood cultures (Leverstein-van Hall et al., 2011; Overdevest et al., 2011) . The additional possibility of horizontal plasmid transfer is supported by the detection of highly similar bla CTX-M-14/24 -carrying IncX4 plasmids among E. coli isolates originating from different sources (human, chicken and pig) and time periods (2008) (2009) (2010) (2011) . The occurrence of two different bla CTX-M alleles (bla CTX-M-14 , S274, codon AGC and bla CTX-M-24 , R274, codon CGC) in plasmids with highly similar RFLP patterns reflects allelic variations, as previously described (Ho et al., 2011b) . IncX4 plasmids carrying bla CTX-M genes have also been reported among isolates from Australia (pJIE413 carrying bla CTX-M-15 ) (Partridge et al., 2011) and the UK (pSAM7 carrying bla CTX-M-14b ) (Stokes et al., 2013) .
The growth experiments showed that the IncX4 plasmids carrying bla CTX-M confer little or no fitness burden on the bacterial host strain. We also showed that the IncX4 plasmids carrying bla CTX-M could be transferred to recipient E. coli at higher frequencies than the epidemic IncFII plasmid carrying bla CTX-M over a range of temperatures. This finding has implications for the transfer of bla CTX-M in many environmental sources such as waterways in tropical countries as well as in the guts of mammalian and avian species. In many Asian countries, the monthly mean high temperature in the summer is often at or above 30 u C. Therefore, the high transfer frequencies of IncX4 carrying bla CTX-M at 30 u C means that this plasmid subtype may be more effective than the other plasmid families in the environmental dissemination of antimicrobial resistance.
In conclusion, we found that the IncX plasmids are more common than previously recognized, especially among isolates from chickens and pigs. The observation deserves to be confirmed by further work involving more animals from different sources. The efficient transfer of the IncX4 plasmid at different temperatures and the lack of fitness burden on bacterial hosts underline the ability of this plasmid replicon to be an important vehicle for dissemination of antimicrobial resistance.
